The heterodimeric Ku protein (composed of the Ku 86 and Ku 70 sub-units) is a nuclear protein which binds to DNA termini without sequence speci®city. Ku is the DNA-targeting component of the large catalytic sub-unit of the DNA-dependent protein kinase complex that is required for the repair of DNA double-strand breaks in mammalian cells. We studied the expression and function of Ku/DNA-PK during granulocytic dierentiation of two human promyelocytic cell lines, HL60 and NB4, a process associated to decreased radiation resistance. After 3 days exposure to dierentiating agents (either all-trans-retinoic acid or DMSO), Ku binding to double stranded (ds)-DNA ends declined dramatically whereas Ku protein levels remain unchanged. The nuclear, but not cytoplasmic, fraction of dierentiated HL60 cells extracts exhibited a heat-sensitive inhibitory activity towards DNA binding of recombinant Ku heterodimer. We further demonstrate that immunoprecipitation of Ku is impaired in extracts from dierentiated cells by using two antibodies that recognize epitopes within the Cterminus DNA binding domains of Ku 70 and Ku 86 proteins. These results favor the hypothesis of a protein interacting with Ku that would prevent DNA binding of heterodimerized Ku protein by steric hindrance. Oncogene (2001) 20, 4373 ± 4382. 
Introduction
DNA double strand breaks (DSBs) are created by agents such as ionizing radiation (IR) and also occur as intermediates in several cellular recombinations processes including antigen receptor gene rearrangement (V(D)J recombination) in vertebrates. The repair of DSBs presents a major metabolic challenge to the cell, essential for cell survival and maintenance of genomic integrity. In the light of the dangers associated with DSBs, highly ecient mechanisms have evolved for their recognition and repair. In vertebrates, non homologous end joining process is critical for the repair of DNA ends (Jeggo, 1999; Smith and Jackson, 1999) .
Recent genetic experiments indicate that the DNA dependent protein kinase (DNA-PK) is required for ecient end-joining DSB repair in mammalian cells. The DNA-PK is a heterotrimeric enzyme composed of a large catalytic subunit of *460 kDa (DNA-PK cs ) a serine/threonine kinase which belongs to the phosphatidyl (PI)-3 kinase (p110) family (Hartley et al., 1995) and a regulatory component consisting of the Ku 86 and Ku 70 proteins (Gottlieb and Jackson, 1993) . The Ku 86 and Ku 70 proteins form a heterodimeric complex (Minori and Hardin, 1986; Francoeur et al., 1986 ) that binds to DNA termini or other discontinuities in the DNA helix (Francoeur et al., 1986; Falzon et al., 1993; Blier et al., 1993) . Both Ku subunits are required for stable binding to DNA (Wu and Lieber, 1996; Ochem et al., 1997) . Ku is also able to enter the DNA molecule in an ATP-independent manner, allowing several Ku dimers to bind to a single DNA molecule and form a multimeric complex (Zhang and Yaneva, 1992) . The Ku heterodimer functions as a regulatory component of DNA-PK by targeting the catalytic subunit to DNA (Gottlieb and Jackson, 1993) but kinase activation can also occur in vitro in a Kuindependent manner (Yaneva et al., 1997; Hammarsten and Chu, 1998) . The active DNA-PK complex then acquires the capacity, at least in vitro, to phosphorylate many DNA-bound proteins in the vicinity (Anderson et al., 1994) . Kinase activity is required for the role of DNA-PK cs in cellular end-joining but the biologically relevant substrates are not yet known (Kurimasa et al., 1999) . Mice with deletions of genes for DNA-PK cs or Ku are hypersensitive to ionizing radiation and lack mature lymphocytes due to their inability to repair DSBs formed during the assembly of the V(D)J segments of antigen receptor gene (Gu et al., 1997; Nussenzweig et al., 1997; Ouyang et al., 1997; Gao et al., 1998) .
Despite these advances, relatively little is known on the regulation of Ku/DNA-PK activity in eucaryotic cells in relation to variation in sensitivity to IR. Although these data remain controversial (Vral et al., 2001 ), we and others have been previously demonstrated that B lymphocytes are de®cient in DNA-PK activity (Muller et al., 1998a; Morio et al., 1999) , a result that is likely to provide a molecular basis for the relative radiosensitivity of these cells to IR. In addition, lymphocytes obtained from untreated patients with lymphoproliferative disorders such as chronic lymphocytic leukemia (Muller and Salles, 1997; Muller et al., 1998b) or multiple myeloma (Tai et al., 2000) also exhibit very low levels of DNA-PK activity that might explain the high sensitivity of these tumor cells to alkylating agents. Indeed, previous reports demonstrated that mutant cells de®cient either in DNA-PK cs or in the Ku DNA-ends binding activity also exhibit signi®cant hypersensitivity to nitrogen mustards or cisplatin (for review see Muller et al., 1999) . Negative down-regulation of DNA-PK cs expression is also observed in CD34+ cells from patients with chronic myelogenous leukemia related to the expression of the BCR-ABL fusion protein (Deutsch et al., 2001) . In these cells, DNA-PK cs down-regulation is a proteasome-dependent degradation that requires tyrosine kinase activity and is associated with a marked DNA repair de®ciency along with increased sensitivity to ionizing radiation (Deutsch et al., 2001) . Finally, hyperthermic sensitization of eucaryotic cells to IR appears to be dependent of a negative regulation of Ku/DNA-PK activity due to a heat lability of Ku subunits . Taken together, these results show that negative regulation of DNA-PK activity is observed in eucaryotic cells that correlate well with increased sensitivity to IR and other genotoxic compounds.
These results prompted us to analyse the function of Ku/DNA-PK during granulocytic dierentiation of promyelocytic human cell lines, a process likely to be associated to decreased radiation resistance (Ploemacher et al., 1992; Wagemacher et al., 1995) . Our results show that this dierentiation process is associated with a decrease in DNA-PK dependent activity due to a decrease in Ku binding activity to free DNA ends despite stable expression of the Ku protein. In addition, we demonstrated that the decrease in Ku ds-DNA binding activity in dierentiated cells is achieved through the presence of an inhibitory activity of Ku function, a mechanism of negative regulation of DNA-PK activity that has never been described previously.
Results
Ku DNA end binding activity is down-regulated during granulocytic differentiation of promyelocytic cell lines Exponentially growing HL60 cells were induced to dierentiate into granulocytes by treatment with either all-trans RA (1 mM) or DMSO (1.3% vol/vol). Whole cell extracts were prepared at dierent times after exposure to the two dierentiating agents. Ku DNAends binding (DEB) activity was measured in these extracts by using dsDNA fragments in an electrophoretic mobility shift assay (EMSA) as previously described (Zhang and Yaneva, 1992; Muller et al., 1998a) . As shown in Figure 1a , both extracts obtained from DMSO and AR treated cells showed a decrease in Ku DEB activity in a time-dependent manner, this decrease being observed by day 3 of exposure to the two dierentiating agents. After 5 days of exposure to all-trans RA, Ku DEB activity was almost completely down-regulated in HL60 cells. As a control, a concomitant decrease in DNA-PK kinase activity was observed in extracts prepared from cells treated with RA as compared to untreated controls, the amplitude of the eect being maximal after 5 days of incubation with RA (data not shown). Finally, in accordance to the previously described role of the Ku-DNA-PK complex in DSBs repair, the sensitivity of dierentiated cells to neocarcinostatin (a drug that acts as a radiomimetic, (Povirk, 1996) ) was increased by *3- P-labeled DNA probe in the presence of 1 mg of closed circular plasmid DNA, as a non speci®c competitor. The electrophoretic mobility of the protein-DNA complexes were analysed in 5% polyacrylamide gel as described in Materials and methods; (b) EMSA assays were performed by incubating 2 mg of protein extracts from either control or RA-treated cells (day 5) with UV-treated DNA probe. In this experiment, untreated linear plasmid was used as a competitor; (c) Fifty mg of protein extracts obtained from either control or treated (with either all-trans-RA or DMSO) cells were run on a 8% SDS polyacrylamide gel under reducing conditions. The proteins were then blotted onto a nitrocellulose ®lter and expression of the Ku and DNA-PK cs proteins were detected as indicated in Materials and methods In order to investigate whether the decrease in Ku DEB activity relies on a general decrease in damaged-DNA recognition activity or on a more speci®c event, we performed EMSA with UV-irradiated probes. In crude or nuclear extracts from human cells, UV damaged DNA binding (UV-DDB) activity, is primarily due to the XPE protein complex (Chu and Chang, 1988) . As shown in Figure 1b , we failed to detect any dierences in UV-DDB binding activity between extracts obtained from control and AR-treated cells (day 5).
We then investigated the molecular(s) mechanism(s) that could explain the decrease in Ku DEB activity during granulocytic dierentiation of HL60 cells. To ascertain whether the speci®c alterations in Ku DEB activity correlated with the protein levels of any of the Ku subunits, we performed Western blotting analyses on the same extracts as those used to measure Ku DEB activity. In contrast to DEB activity, amount of both Ku subunits remain unchanged during HL60 dierentiation ( Figure 1c) . These results were con®rmed by using either extracts from either DMSO or AR dierentiated HL60 cells. It should be noted that similarly, the expression level of the DNA-PK cs did not decrease in the dierentiated cells (Figure 1c) . Decrease in Ku DEB activity from day 3 treatment with RA (at either 0.1 or 1 mM) without modi®cation of Ku expression was also observed during the dierentiation of another promyelocytic cell line, NB4 (data not shown).
We then questioned whether changes in Ku DEB activity were coincidental with or precedes markers of cellular dierentiation. We ®rst assessed the proliferation of untreated or treated cells. As shown in Figure  2a , decrease in proliferative capacity was evident within 24 h of treatment with either DMSO or RA. The functional marker of neutrophil maturation, NBT reduction, appeared in more than 40% of the cells between 2 and 3 days after treatment began and was maximal at 4 and 5 days, for DMSO and RA respectively (see Figure 2b) . Thus, Ku DEB activity appeared to decrease along the increase in functional markers of neutrophil dierentiation in HL60 cells.
An inhibitory activity of Ku DEB function is present in extracts from differentiated cells
The dramatic down regulation of Ku DEB activity without modi®cations of Ku protein expression suggests that extracts from dierentiated HL60 cells contain an inhibitory activity of Ku function. To verify our hypothesis, we performed EMSA experiments with mixed extracts from control and dierentiated cells. As shown in Figure 3a , the Ku DEB activity present in control extracts was strongly inhibited by the presence of extracts from RA dierentiated cells (day 5) in the reaction mixture, as compared to the same experiments performed with the same amount of control extracts alone. In all these experiments, Ku DEB activity was not detectable in extracts from RA-dierentiated cells ( Figure 3a , lanes 8 to 10). For example, the Ku DEB activity (that corresponded to the percentage of probe complexed to Ku heterodimer, see Materials and methods) present in 2 mg of control extracts was measured at 14.5+1.6%, and this activity dropped to 3.9+1.5% in the presence of 2 mg of extracts from dierentiated cells. As a control, similar experiments were performed with extracts from HL60 cells treated with RA for only 2 days. As shown in Figure 3b , Ku DEB activity present in mixed extracts from control and RA-treated cells corresponded to the addition of Ku DEB activity present in the corresponding extracts alone. Similar experiments performed with extracts from HL60 cells treated for various length of time with dierentiating agents allowed us to determine that Ku DEB activity present in control extracts was inhibited by extracts from HL60 cells exposed for at least 3 days to both dierentiating agents, the amplitude of the inhibition observed being maximal after 4 ± 5 days treatment (data not shown).
Co-incubation of extracts from control and dierentiated cells for 15 min at 308C in 16binding buer prior to the addition of radiolabeled DNA and circular plasmid was necessary to observe an inhibition of Ku DEB activity present in control extracts (see Figure 4 , lane 7). Indeed, when this step was omitted, Ku DEB activity present in the mixed extracts corresponded to Ku DEB activity present in control extracts alone (see Figure 4 , lane 6).
We then investigated the capacity of extracts from dierentiated HL60 cells to inhibit the binding to ds-DNA of recombinant Ku heterodimer (Ku r ). Ku r alone is able to bind to DNA ends (see Figure 5a ). The occurrence of Ku/DNA complexes was dependent of the amount of recombinant protein and was in the linear range between 5 ± 150 ng in the experimental conditions used in our study (data not shown). As shown in Figure 5a , extracts from dierentiated HL60 cells (RA day 5) exhibited a dose-dependent inhibitory activity on Ku r binding to DNA ends (from 2.5 to 10 mg). Interestingly, when the extracts were heat-denatured prior to the incubation with Kur, Kur DNA-ends binding activity was unmodi®ed (Figure 5b ). Taken together, our results show that a heat-sensitive inhibitory activity of Ku DEB function is present in extracts from HL60 dierentiated cells.
The inhibitory activity of Ku function is present in nuclear extracts of differentiated HL60 cells
We then examined the nuclear and post-nuclear compartments of control and dierentiated HL60 cells. First, nuclear (NE) and post nuclear fractions (PNE) were analysed separately for immunoblotting for p62 (a component of the TFIIH basal transcription factor (Svejstrup et al., 1995) and raf-1 expression in order to Figure 3 Ku DNA ends binding activity of control extracts is inhibited in the presence of dierentiated cells extracts. Indicated amount of protein extracts from either untreated cells alone, RA-treated cells alone (for 5 (a) or 2 days (b) or both were incubated in 16binding buer for 15 min at 308C. Radiolabeled DNA and circular plasmid were than added and the reaction mixture was incubated for an additional 10 min. The electrophoretic mobility of the protein-DNA complexes were analysed in 5% polyacrylamide gel Figure 4 Prior incubation of control and RA-treated cell extracts is necessary to observe an inhibitory eect on Ku function. Indicated amounts of protein extracts from either untreated cells alone, RA-treated cells (5 days) or both were used. (**) Mixed extracts from control and RA-treated cells (5 days) were pre-incubated in 16binding buer for 15 min at 308C prior to the addition of the radiolabeled DNA and circular plasmid (*) the pre-incubation period was omitted validate the quality of the sub-cellular fractionnement. As expected, p62 expression was predominantly present in nuclear fraction with little or none in the postnuclear fraction (Figure 6a ) while raf-1 expression presented an opposite pattern. The expression of Ku 70 protein was observed in both NE and PNE with a slightly higher level of expression in nuclear fraction for the two samples whereas the expression of Ku 86 protein was clearly predominant in the nuclear fraction (Figure 6a) . Thus, the dierentiation process in HL60 cells is not associated with a signi®cant dierential distribution of the Ku protein within the nuclear and post-nuclear fractions as compared to untreated control. Accordingly, in EMSA experiments, Ku DEB activity after the fractionation procedure was only detected in the nuclear extracts from control cells (data not shown). Nuclear extracts from dierentiated HL60 cells strongly inhibited the ability of Ku r to bind to dsDNA. The inhibiting concentration of nuclear extracts ranged from 0.2 ± 1 mg (Figure 6b ) whereas 2.5 ± 10 mg of whole cell extracts were necessary to observe a similar eect (see Figure 5b) . On the opposite, Kur r DNA binding activity was unaected by the presence of PNE from dierentiated HL60 cells up to 5 mg (Figure 6b) .
Our results demonstrated that nuclear Ku DEB activity is decreased during dierentiation of HL60 cells without modi®cation in the distribution of Ku protein expression. An inhibitory activity of Ku function is present in the nuclear, but not post-nuclear, extracts of dierentiated cells. Figure 6 The inhibitory activity of Ku function is restricted to nuclear extracts of dierentiated HL60 cells. (a) Expression of Ku 86, Ku 70, p62 and raf proteins in whole cell (WCE), nuclear (NE) or post-nuclear (PNE) extracts from control of dierentiated HL60 cells. (b) Forty ng of Kur were incubated in the presence of increasing amount (0.2 ± 1 mg) of dierentiated cell nuclear (NE) or 5 mg of post-nuclear (PNE) extracts for 15 min at 308C prior to the addition of the radiolabeled DNA and circular plasmid. Electrophoretic mobility of the protein-DNA complexes were analysed in 5% polyacrylamide gel but its biological signi®cance on Ku function remain unknown. We evaluated if ATP hydrolysis was necessary to observe the inhibitory eect of dierentiated cell extracts on Ku r ds-DNA binding activity. Extracts from dierentiated HL60 cells were treated with FSBA, a non hydrolysable analog of ATP, that has been shown to act as a broad inhibitor of protein kinases (Zoller and Taylor, 1981) . As shown in Figure  7 , pre-incubation of nuclear dierentiated cell extracts with FSBA up to 100 mM has no eect on Ku function inhibition. These results suggest that the inhibitory activity present in these extracts is unlikely to be dependent of an ATPase action. We then investigated the dimerization of Ku protein during the dierentiation of HL60 by co-immunoprecipitation studies. Indeed, previous studies have demonstrated that dimerization of Ku 70 with Ku 80 is required for DNA binding (Wu and Lieber, 1996; Grith et al., 1992) . In cells, both sub-units are tightly associated and can be stochiometrically immunoprecipitated by antibodies directed against either Ku sub-unit. Thus, we performed immunoprecipitation in extracts from either control or dierentiated cells using monoclonal antibodies that recognize either the Ku 70 or the Ku 86 sub-unit of the heterodimer and the immunoprecipitation products were analysed by Western blot. As shown in Figure 8a , in control extracts both the mAb NH310 (speci®c for an epitope in the C-terminus of Ku 70) and mAb 111 (speci®c for an epitope in the Cterminus of Ku 86) immunoprecipitate both sub-units of the heterodimer. Surprisingly, in dierentiated cell extracts immunoprecipitation eciency was impaired with both antibodies, the defect being more pronounced with mAb111 and when the incubation buer used was PBS-BSA instead of TBS-T (Figure 8a ). We then perform immunoprecipitation experiments with mAb162, an antibody that speci®cally recognizes the Ku heterodimer and is unreactive with free p70 or p86 (Wang et al., 1994a) . As shown in Figure 8b , Ku heterodimer was immunoprecipitated from both control and dierentiated extracts. Thus, these results show that inhibition of Ku DNA ends binding during dierentiation do not result from inhibition of Ku dimerization. However, our results suggest that potential modi®cation of the Ku sub-units and/or Ku-protein interaction during dierentiation lead to a speci®c defect in immunoprecipitation by two dierent antibodies directed against the C-terminus part of Ku sub-units.
Discussion
In this study, we demonstrate for the ®rst time that during neutrophilic dierentiation of promyelocytic cell Figure 7 The inhibitory activity of Ku function is not modulated by an non hydrolysable analog of ATP, FSBA. Five mg of nuclear extracts from dierentiated HL60 cells were incubated in the presence of increasing concentrations (25 ± 100 mM) of FSBA in a ®nal volume of 10 ml binding buer at 08C for 15 min. After this incubation period, 1/10 of the reaction mixture (2 ml, equivalent of 0.5 mg of protein extracts) was incubated for 15 min at 308C with or without 40 ng of Kur, following addition of radiolabeled DNA and circular plasmid to the reaction mixture and an additional 10 min incubation at 308C prior to gel electrophoresis Reactions were performed in TBS-Tween 0.02% or PBS-BSA 0.1% for 1 h at 48C under constant agitation and beads were then washed twice with TBSTween 0.1%. Immunoprecipitation products were then analysed by Western blotting using a mixture of mAb111 (dilution 1 : 5000) and mAB NH310 (dilution 1 : 10 000) as indicated in Materials and methods. (b) Ku heterodimer was immunoprecipitated from either control or dierentiated cell extracts with immunomagnetic beads coupled with mAb 162 antibody that recognize both Ku protein in a dimerized state. Immunoprecipitation products were then analysed by Western blotting using a mixture of mAb111 (dilution 1 : 5000) and mAB NH310 (dilution 1 : 10 000) as indicated in Materials and methods
Inhibition of Ku DNA binding activity in differentiated cells
C Muller et al lines, Ku binding activity to double-stranded DNA ends declines dramatically whereas Ku protein levels remained unchanged. In addition decreased Ku ds-DNA binding in dierentiated cells is achieved through the presence of an inhibitor activity of Ku function. It appears that the mechanism modulating Ku ds-DNA binding activity is coincidental with the appearance of markers of cellular dierentiation and is associated with this process. Indeed, down-regulation of Ku ds-DNA activity during neutrophil maturation is observed in two dierentiation models (i.e. HL60 and NBA cells) and with two dierent inducers (DMSO and RA). In addition, we failed to detect any dierences in Ku DNA end binding activity between control extracts and extracts obtained from HeLa cells treated for 5 days with either DMSO (1.3% vol/vol) or RA (1 mM) (data not shown). This negative regulation of Ku function raises the question of its biological signi®cance. A number of studies have observed a decrease in the repair capacity of DNA strand breaks induced by IR of terminally dierentiating cells (Wheeler and Wierowski, 1983; To®lon and Meyn, 1988) . To explain these results, it can be argued that there is a less stringent requirement in these postmitotic cells to maintain the integrity of the genome. It is also tempting to speculate that there might also be less stringent requirement for these cells to sustain survival in tissues under constant renewal such like during hematopoiesis. Accordingly, studies in mice and primates have demonstrated that normal immature hematopoietic cells are relatively resistant to IR compared to more mature myeloid cells (Ploemacher et al., 1992; Wagemacher, 1995) . However, decrease in function and/or expression of DNA repair proteins during granulocytic dierentiation do not appear to be a general regulated phenomenon. As we have shown here dierentiated HL60 cells retain their UV-DDB activity ( Figure 1b ) and ecient repair of UV-induced cyclobutane pyrimidine dimers is also maintained in these dierentiated cells as previously described (Islas and Hannawalt, 1995) . Interestingly, the activity but not the level of expression of the polyADP ribose (PARP) polymerase, an enzyme involved in single strand breaks repair, decreases during neutrophilic dierentiation of HL60 cells (Kanai et al., 1982; Bhatia et al., 1995) . During neutrophilic dierentiation, considerable chromatin restructuring and changes in the pattern of gene expression occur (Farnazeh and Shall, 1987) . Thus, changes in the activity of proteins involved in single or double strand breaks repair could be pivotal in assisting this process and explain the observed regulation. In fact, PARP down-regulation, that precedes the appearance of neutrophilic features, appears to be a requirement for RA-induced dierentiation of NB4 cells (Bhatia et al., 1996) . By contrast, the fact that regulation of Ku function is coincidental with, rather than precedes, the acquisition of a mature phenotype is not in favor of the latter hypothesis. The absence of Ku activity in terminally dierentiated cells may be important to ensure that no attempt is made to repair DNA damage that results from endogenous cell metabolism. In fact, Ku binding to DNA ends plays a pivotal role during the repair of DNA DSBs. Independently of the catalytic sub-unit of the DNA-PK complex, Ku protein bridges DNA ends and can stimulate DNA end joining by mammalian ligases (Ramsden and Gellert, 1998) . Furthermore, recent experiments suggest that Ku, once bound to DNA, also recruits the XRCC4-Ligase IV complex to DNA ends (McElhinny et al., 2000) , two other factors that form a tight complex in cells and that are also required for end joining of DSBs in DNA. In addition, absence of DNA-PK activation due to the defect in its regulatory sub-unit would avoid the subsequent depletion of ATP reserves and allow the cell to function maximally during its short life span. However, further experiments are clearly needed with normal human neutrophils to see if this inhibitory activity towards Ku function is also present in non-transformed human cells and to assess the physiological relevance of our observations. HL60 cells induced to dierentiate with retinoic acid or DMSO undergo programed cell death or apoptosis similar to granulocytes but signi®cant accumulation of apoptotic cells occurs slowly and after terminal dierentiation (between 6 and 8 days of treatment) (Martin et al., 1990) . Accordingly, we were unable to observe any signi®cant decrease in full-length DNA-PK cs expression during the 5 days incubation with dierentiating agents, this protein being speci®cally cleaved during apoptosis induced by various chemotherapeutic agents (Casciola et al., 1995; Song et al., 1996) or during fas-mediated apoptosis (McConnell et al., 1998) . However, it is expected that a small but consistent fraction of cells are apoptotic during treatment with dierentiating agents. Cells undergoing apoptosis exhibit nuclear fragmentation, degraded genomic DNA with free DNA ends being produced during the latter steps of the apoptotic pathway. We thus performed a set of experiments to ensure that the decrease in Ku DNA ends binding observed in the gel shift assay was not due to an excess of contaminating DNA in extracts from dierentiating cells that would competitively decrease the signal due to the binding of Ku to the radiolabeled probe. First, it is important to note that when control and dierentiated extracts were directly co-incubated in the presence of radiolabeled probe, no inhibition of Ku DNA ends binding was observed in control extracts (see Figure 4) . The fact that pre-incubation of the two extracts is necessary to observe the inhibitory eect suggest the presence of an active, rather than a passive, process. Secondly, using similar procedure of protein extraction, we prepared extracts from HL60 cells treated for 4 h with the topoisomerase inhibitor etoposide at doses (68 mM), a treatment that led to apoptosis in a large percentage of the cells as previously described (Kaufmann et al., 1993) . No signi®cant inhibition of Ku function was observed in these extracts as compared to control extracts (data not shown).
The mechanism that contribute to inhibition of Ku function during granulocytic dierentiation remain to be fully elucidated. Our results show that an inhibitory factor of Ku function is present in excess in the extracts from HL60 dierentiated cells. These extracts, devoid of Ku DNA ends binding activity, are also able to inhibit Ku activity present in control extracts or the binding to DNA ends of recombinant heterodimer. These last results suggest that when incubated in the presence of dierentiated cell extracts, post-translational modi®cations and/or protein interaction occurs within the heterodimer, therefore inhibiting its ability to bind to DNA ends. To date, although dierent proteins interacting with Ku, based on yeast two-hybrid analyses, have been identi®ed including Vav (Romero et al., 1996) and clusterin (Yang et al., 2000) , most of these interaction are for the moment of unknown biological signi®cance on Ku function. In addition, although both Ku 70 and Ku 86 are phosphorylated in vivo (Yaneva and Busch, 1986; Chan et al., 1999) the functional consequences of these post-translational modi®cations are unclear. Indeed, mutations of DNA-PK phosphorylation sites in Ku 70 showed that these sites are not necessary for DSBs repair in vivo (Jin and Weaver, 1997) .
The regions of Ku 70 and Ku 86 required for DNA end binding activity have been determined by analysis of in vitro-expressed cDNA fragments (Wu and Lieber, 1996) . The results show some discrepancies but, taken together, show that slightly more than one half of each subunit is required for DNA binding in the electrophoretic mobility shift assay, i.e. the C-terminal 40 kDa of Ku 70 and the C-terminal 45 kDa of Ku 86 (Wu and Lieber, 1996) . The Ku 70 subunit has some independent DNA binding capability, which can be demonstrated in South-western blotting (amino acid 536 ± 606) (Chou et al., 1992) and immunoprecipitation assays (Wang et al., 1994b (Wang et al., , 1998 although not in electrophoretic mobility shift assays. Interestingly, our results show that immunoprecipitation of Ku heterodimer is impaired in extracts from dierentiated cells by using two antibodies, mAb NH310 and mAb 111, that recognize an epitope on the C-terminus of the Ku 70 (de®ned by amino acids 506 ± 541) and Ku 86 (de®ned by amino acids 610 ± 705), respectively. By contrast, the Ku heterodimer was immunoprecipitated in both control and dierentiated cell extracts by using mAb 162, an antibody that recognize the two proteins in a dimerized state (see Figure 8b) . The observed immunoprecipitation defects by using antibodies that recognize the C-terminal regions of either Ku 70 and Ku 86, in addition to the negative results obtained with FSBA treatment, favor the hypothesis of a Ku-protein interaction in these de®ned DNA binding domains. The inhibition of Ku 70/Ku 86 DNA ends binding could then be due to steric hindrance and prevention of DNA interaction of heterodimerized Ku proteins. In the favor of the protein nature of the inhibitor, we have observed that phenol-treated dierentiated HL60 extracts are no longer able to completely inhibit the Ku DNA-ends binding activity of control extracts (data not shown). According to this hypothesis, we searched for an increase association, triggered by dierentiation, between Ku and previously characterized interacting proteins. Among them, increased association between Ku and the vav protein (Romero et al., 1996) was observed in extracts from dierentiated cell as compared to control extracts (data not shown) but further experiments did not favor altered function of Ku related to this interaction. Further research is ongoing in our laboratory to identify this potentially new Ku binding protein by using the two-hybrid system.
The model presented here therefore represents a suitable tool in radiobiological research with regard to regulation of Ku function during hematopoietic dierentiation. This model represents an important step towards the identi®cation of new proteins modulating Ku dsDNA binding and operating in vivo. In addition, the understanding at the molecular level of mechanisms that contribute to negatively regulate Ku activity might provide new approaches to sensitize cells to IR.
Materials and methods

Antibodies
Monoclonal antibodies directed against Ku 86 (mAb S10B1), Ku 70 (mAb NH310), Ku heterodimer (mAB 162) (all obtained from Interchim, France) and DNA-PK cs (mAb 18-2, provided by Dr T Carter, St-John's University, New York, USA) have been previously described (Wang et al., 1994b; Carter et al., 1990) . Anti-p62 mAb (a subunit of the transcription factor TFIIH) was provided by Dr JM Egly (IGBM, Strasbourg, France). Anti-actin and anti-raf-1 antibodies were obtained from Santa-Cruz Biotechnologies (CA, USA).
Cells and culture conditions
HL-60 cells (Gallagher et al., 1979) were purchased from American Type Culture Collection (Rockville, MD, USA). NB4 cells (Lanotte et al., 1991) were provided by Dr C Chomienne (Hopital Saint-Louis, Paris, France). The HeLa S3 cell line was obtained from the stock of the European Molecular Biology Laboratories (Heidelberg, Germany). The cells were maintained in RPMI 1640 medium (Gibco BRL, Cergy Pontoise, France) supplemented with 10% fetal calf serum, 2 mM glutamine, 125 U/ml penicillin, and 125 mg/ml streptomycin. Cell cultures were passaged three times weekly to maintain a cell density between 3610 5 and 6610 5 cells/ml.
Induction of differentiation
Exponentially growing cells were harvested by centrifugation and resuspended at a density of 5610 5 cells/ml in complete RPMI culture medium supplemented with 1.3% (vol/vol) dimethyl sulfoxide (DMSO) or 1 mmol/l all-trans-retinoic acid (RA) for up to 5 days. The medium containing either DMSO or AR was renewed after 3 days. The extent of dierentiation/maturation was assessed by monitoring growth arrest, morphological changes (by Giemsa-Wright staining of cytospin preparations), and capacity for superoxide generation as assessed by the NBT test (Collins, 1987) .
Cytotoxicity assay
Cells to a ®nal concentration of 5610 5 cells/ml were incubated for 1 h in RPMI at 378C in the presence of increasing concentrations of neocarcinostatin (a kind gift from Dr V Favaudon, Institut Curie, Orsay, France). Cells were then washed twice with RPMI and seeded into 96-well microculture dishes in aliquot of 100 ml. Five replicates of each drug concentration were performed. After 48 h, growth inhibition was evaluated by the MTT colorimetric method as previously described (Muller and Salles, 1997) .
Cell extracts
Whole cell extracts were prepared as previously described (Finnie et al., 1995) . Brie¯y, cells were resuspended in extraction buer (2610 7 cells per 100 ml) containing 50 mM NaF, 20 mM HEPES (pH 7.8), 450 mM NaCl, 25% glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol in the presence of proteinase inhibitors: 20 mg/ml phenylmethylsulfonyl¯uoride, 1 mg/ml aprotinin, 2 mg/ml chymostatin, 1 mg/ml leupeptin, 1 mg/ml pepstatin, then frozen on dry ice and thawed at 308C three times. After centrifugation for 30 min at 48C, supernatants were stored at 7708C. Nuclear (NE) and postnuclear (PNE) extracts were performed as previously described (Muller and Salles, 1997) .
Band shift assay
Detection of Ku DNA end binding activity was performed as previously described (Zhang and Yaneva, 1992; Muller and Salles, 1997) . Brie¯y, radiolabeled double-stranded 25-mer DNA (4 ng, 100 000 c.p.m.) was incubated with extracts in the presence of an excess of closed circular plasmid DNA (750 ng) in 20 ml of binding buer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 10% glycerol, 50 mM KCl) at 308C for 15 min. The samples were electrophoresed on a 6% polyacrylamide gel at 48C, for 2 h at 100 V. The gel was dried on Whatman paper and exposed to X-ray ®lm. Excised bands that corresponded either to free probe or to DNA-protein complexes were quanti®ed by scintillation counting. The Ku DNA-end binding activity was expressed as the percentage of radioactivity that corresponded to the DNA-protein complexes (c.p.m. in DNA-protein complexes/(c.p.m. in DNA7 complexes+c.p.m. in free probe)6100) (Muller et al., 1998b) . To ensure quantitative measurements of Ku DEB activity, we assessed in preliminary experiments that the results obtained in these experimental conditions are in the linear range (data not shown).
For experiments with mixed extracts from control and dierentiated cells, extracts at the indicated concentrations were co-incubated in 16binding buer for 15 min at 308C. Radiolabeled DNA and circular plasmid were than added and the reaction mixture was incubated for an additional 10 min prior to gel electrophoresis. In certain experiments (see Results section), extracts were co-incubated in similar conditions with recombinant Ku heterodimer (Ku r , kindly provided by Dr DJ Chen, Department of Cell and Molecular Biology, Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA).
In experiments where¯uorosulfonylbenzoyl adenosine (FSBA) was used, 5 mg of extracts were incubated in the presence of increasing concentrations of FSBA (from 500 nM stock solution in dimethylsulfoxide, Sigma, France) in a ®nal volume of 10 ml binding buer at 08C for 15 min. After this incubation period, 1/10 of the reaction mixture (2 ml, equivalent of 0.5 mg of protein extracts) was incubated for 15 min at 308C with 40 ng of Ku r , following addition of radiolabeled DNA and circular plasmid to the reaction mixture and an additional 10 min incubation at 308C prior to gel electrophoresis.
For detection of UV-damaged DNA binding (UV-DDB) activity, extracts were incubated with an UV-irradiated probe (254 nm UV-irradiation in a Spectro-linker XL-1000 at a 8000 J/m 2 dose) and circular plasmid was replaced by linear plasmid as a non speci®c competitor.
Western blot
Proteins were subjected to electrophoresis on a 8% SDSpolyacrylamide gel under reducing conditions. The proteins were then electroblotted onto a nitrocellulose ®lter using a semi-dry apparatus (Bio-Rad Trans-Blot, Bio-Rad, Ivry-surSeine, France). Western blots experiments were performed as previously described (Muller and Salles, 1997) .
Immunoprecipitation experiments
Anti-Ku 70 (NH310), anti-Ku 86 (111) or anti Ku heterodimer (162) mAbs were coupled to magnetic antimouse IgG beads (Dynabeads M-450, Dynal, Norway) according to the manufacturer's recommendations. Under a 300-ml ®nal volume, 50 mg of extracts obtained from control or AR-treated cells (day 5) were incubated at 48C for 60 min with 10 ml of wet mAbs-coupled beads (equivalent to &1 mg of Abs) in TBS-Tween 0.02% or PBS-BSA 0.1% under gentle incubation. The supernatant was removed over a magnet (Dynal MPC, Dynal) and beads were washed twice with TBS-Tween 0.1%. Beads were resuspended in 15 ml buer (25 mM HEPES (pH 7.9), 50 mM KCl, 10 mM MgCl 2 , 20% glycerol, 0.1% Nodinet P-40, 1 mM dithiothreitol), denatured in Laemmli buer and electrophoresed on SDS-polyacrylamide gels for Western blot analysis. As control, immunoprecipitations were run in parallel with uncoupled anti-mouse IgG beads.
